Abstract.-Resource use and phylogeny are often correlated with morphological variation. Moreover, because biological shapes are often complex and evolve depending on several internal constraints, they must be assessed using integrative methods. We analyzed the morphological variation of the turtle skull in the context of an adaptive radiation. Our focus are turtles of the superfamily Testudinoidea, which are remarkably diverse, both in number of species and in ecology. In this study, we depict morphological variation in the turtle skull in three dimensions with respect to diet, phylogeny, and habitat using modern geometric morphometrics. Our study revealed that morphological specialization was related to both diet and habitat. Morphological variation is decomposed in regard of both resource use (habitat and diet) and phylogeny. Feeding mode depending on environment was suggested as a key factor determining morphological evolution and diversification of turtle skulls. Diet (especially durophagy) leads to parallel morphologies in different clades. Phylogeny seemed to constrain only localized features of the skull and remained of minor influence, because overall morphotypes, closely correlated with ecological factors, occurred in both clades. In conclusion, the adaptive radiation of the Testudinoidea is revealed to demonstrate a clear relationship between the skull shape and life style. [Adaptive radiation; geometric morphometrics; morphological evolution; phylogenetic constraints; selection; Testudinoidea.] Interpreting the causes and consequences of morphological variation remains an important corner-stone of evolutionary biology. Many macroevolutionary hypotheses or theories interpret interspecific variability in terms of microevolutionary or developmental mechanisms such as constraints and selection, and macroevolutionary patterns and evolutionary trends are nowadays no more seen as the results of obscure internal factors such as the theory of "Orthogenesis." Constraints, drift, and selection should thus be used as general mechanisms to interpret patterns of diversification and morphological disparity (e.g., gradual evolution versus punctuated equilibria, stases, evolutionary radiations, patterns of evolutionary changes, . . .). Thus macroevolutionary concepts such as heterochrony, gradualism, or punctuated equilibrium should rely on evolutionary mechanisms and do not remain at a purely conceptual level. The study of macroevolution should be understood as (at least partially) the results of well known microevolutionary phenomena. A critical issue is the relative effects of selection and biological constraints acting on macroevolutionary scales. This assessment can be done by studying patterns of interspecific variability with regard of several factors such as ecology, behavior, phylogeny, or stratigraphy.
Interpreting the causes and consequences of morphological variation remains an important corner-stone of evolutionary biology. Many macroevolutionary hypotheses or theories interpret interspecific variability in terms of microevolutionary or developmental mechanisms such as constraints and selection, and macroevolutionary patterns and evolutionary trends are nowadays no more seen as the results of obscure internal factors such as the theory of "Orthogenesis." Constraints, drift, and selection should thus be used as general mechanisms to interpret patterns of diversification and morphological disparity (e.g., gradual evolution versus punctuated equilibria, stases, evolutionary radiations, patterns of evolutionary changes, . . .). Thus macroevolutionary concepts such as heterochrony, gradualism, or punctuated equilibrium should rely on evolutionary mechanisms and do not remain at a purely conceptual level. The study of macroevolution should be understood as (at least partially) the results of well known microevolutionary phenomena. A critical issue is the relative effects of selection and biological constraints acting on macroevolutionary scales. This assessment can be done by studying patterns of interspecific variability with regard of several factors such as ecology, behavior, phylogeny, or stratigraphy.
Qualitative and quantitative analyses of the links between morphological variation and both ecological factors and constraints have become increasingly widespread in the last decades (for some examples, see Lande and Arnold, 1983; Björklund and Merilä, 1993; Klingenberg and Ekau, 1996; Schluter, 1996; Zani, 2000) . The recent development of geometric morphometrics, which aims to describe configurations, constitutes a powerful approach to study morphological variation and covariation. Furthermore, they allow size and shape to be considered independently. These methods separate morphological variability into several components that can be interpreted biologically more easily than with standard multivariate methods (Rohlf, 1993; Craig-Albertson and Kocher, 2001) . It is thus an interesting potential tool to assess and compare both patterns of morphological variation and changes to ecological, developmental, and phylogenetic patterns (Rohlf and Marcus, 1993; Dryden and Mardia, 1998) . Comparisons of the observed patterns may in turn be interpreted as the results of evolutionary processes.
Comparisons between a large number of species and assessments of morphological variability have been widely used in ecomorphology or community ecology (Klingenberg and Ekau, 1996; Zani, 2000; Lovette et al., 2002) , but few studies have depicted multicharacter morphological variation in an integrated way as it can be done with geometric morphometric tools (Courant et al., 1997; Marroig and Cheverud, 2001; Rüber and Adams, 2001; Claude et al., 2003a) . To our knowledge, there is no previous study comparing directly configurations (and thus complex morphological features) and correlating them with effects of various ecological factors as well as phylogeny, hiding ipso facto potentially trade-offs between different ecological factors, between ecology and phylogenetic constraints, or between ecology and architectural design. Because geometric morphometrics looks directly at the evolution of configuration, it provides an interesting tool to examine such constraints. In this study, we used these methods to explore and quantify the interspecific morphological variation of testudinoid skulls in relation to two ecological components and their phylogeny. From the standpoint of the evolutionist, this group offers an interesting model to study morphological macroevolution for five reasons.
Firstly, the Testudinoidea are remarkable among turtles for the diversified ecology of the numerous species (Pritchard, 1979; Ernst and Barbour, 1989) . In this study, we focused on two ecological factors for which these turtles are especially diversified: diet and main habitat. Indeed, the Testudinoidea is the only extant clade of turtles including both aquatic and terrestrial species and these turtles show a wide variety of diet ranging from complete herbivory to various forms of carnivory, including insectivory and conchifragy (a diet mostly constituted by hard-shelled prey).
Secondly, the diversification in diet and main habitat has occurred in parallel in the two clades of Testudinoidea: Geoemydidae + Testudinidae (this clade, mostly distributed in the Old World is referred to as Testudinoidae in this paper, following the recent molecular and morphological phylogenetic analysis of turtles by Shaffer et al. [1997] ), and Emydidae (mostly North American species). A synthetic phylogeny of the main clades of Testudinoidea is given in Figure 1 . The phylogenetic history of Geoemydidae and Testudinidae is rather poorly known and severe inconsistencies still remain between the different phylogenetic scenarios provided in the literature (compare, for example, the geoemydid phylogenies of Yasukawa et al., 2001, and Spinks et al., 2004 , the testudinid phylogenies of Caccone et al., 1999; Meylan and Sterrer, 2000) . But even though the intrafamilial phylogeny of the Testudinoidea is not well established, thus preventing the use of modern phylogenetic comparative methods (Westoby et al., 1995; Martins, 2000) , the parallel evolution in both clades gives an opportunity to separate the effect of phylogenetic and ecological constraints on morphological evolution. Similarly the potential effects of phylogenetic constraints (i.e., divergence between the two clades) should channel morphological variation in two different morphospaces. This feature in the evolution of Testudinoidea has allowed the relative importance of constraints and selection in the evolution of the shell shape of Testudinoidea to be assessed (Claude et al., 2003a) , but the importance of ecological factor and phylogeny are yet largely unknown for the morphological evolution of the skull in this group. Thus the aim of this study is not to do a phylogenetical analysis or to find new informative phylogenetic characters, but is to use information about phylogeny and ecology to assess evolutionary processes.
Thirdly, the skull of the Testudinoidea has some conserved features, such as the number of bones, and their positions, and lends itself to analysis by a landmarksbased method such as geometric morphometrics.
Testudinoidea constitutes a radiation encompassing more than 50% of contemporary chelonian diversity (between 272 and 300 species depending on the authors (David, 1994; Bour et al., 2002) . Indeed, since the Early Eocene (ca. 55 Mya), Testudinoidea has appeared to rapidly outnumber the other turtle families in the northern hemisphere. The first turtles appeared in the late Triassic (ca. 215 Mya), the Testudinoid radiation occurred late in the history of turtles. The rapid radiation of Testudinoidea is attested by the fossil record that reveals that all the modern families made their appearance rapidly in the Eocene (Hutchison, 1998; Lapparent de Broin, 2001; Claude et al., 2003b Claude et al., , 2003c Claude and Tong, in press) . The large number of living species of Testudinoidea makes possible more robust inferences about the environment-morphology relationship. Furthermore, if the environment is linked to morphology, one may conclude that the radiation of the Testudinoidea is, at least partially, adaptive.
Finally, the range of body sizes in both aquatic and terrestrial Testudinoidea is significant (from a 10-cmlong carapace for the African terrestrial Testudinidae Homopus to a 125-cm one for the Galapagos tortoise; and, for aquatic species, from an 11-cm-long carapace for the bog turtle Glyptemys muhlenbergii to a 80-cm-long one for Orlitia borneensis). We still know little about the relationships between size and skull shape, although it has been hypothesised that larger size is correlated with an increase of bite force (Herrel et al., 2002) . Increase in size may have involved not only increase in muscle volume but also evolutionary allometries that may have hampered or enhanced the bite force of larger skull. The second aspect may explain why bite force of turtles tended to change in proportion to length to the third power, whereas it is predicted that bite force should change to the second power (Herrel et al., 2002) .
Turtle skull morphology has been the subject of cladistic studies (e.g., Gaffney, 1975 Gaffney, , 1979 ; however, the ecological basis of the variation in this complex structure is still largely unexplored. Very recently, Herrel et al. (2002) 2004 CLAUDE ET AL.-TURTLE SKULL MORPHOLOGICAL EVOLUTION 935 have found correlates between skull gross morphology (width, length, and height), diet and bite performance. They found that size and relative height of the skull were correlated with bite force in a sample of 28 species of turtles. This interesting and original study, however, did not quantify the localized differences and the patterns of covariation of the features of the skull. Together with this study, there is a growing knowledge of the functioning of the feeding apparatus of turtles (Van-Damme and Aerts, 1997; Summers et al., 1998; Wochesländer et al., 1999; Lemell et al., 2000; Aerts et al., 2001; Lemell et al., 2002) , and on the ecological importance of dietary divergence and resource use in some genera of Emydidae (Lindeman, 2000a (Lindeman, , 2000b Lindeman and Sharkey, 2001) . It may be possible to test some evolutionary predictions from these previous morphofunctional models in the case of the radiation of Testudinoidea.
In this paper, we address specifically the following questions: Are clades well differentiated, suggesting the persistent effects of phylogenetic events upon morphology (i.e., the existence of phylogenetically based constraints)? Are there similar morphological evolutions towards new habitats and diets between the different clades suggesting a role of selection? Is there a relation between size and skull shape at the interspecific level, suggesting a role of development during species differentiation? Is evolutionary allometry similar in the different clades, suggesting a similar role of developmental constraints during species differentiation within the two clades? Which of the two environmental factors (habitat or diet) comes uppermost in shaping the turtle skull? Is the difference between ecological morphotypes greater or less than the difference between clades?
MATERIALS
We analyzed the morphological variation of skulls in both dorsolateral and palatine views. One hundred and twenty-one individuals of both sexes, representing 85 species (20 aquatic Emydidae, 3 terrestrial Emydidae, 31 aquatic Testudinoidae, and 31 terrestrial Testudinoidae) were digitized in three dimensions in palatine view, and 120 individuals, representing the same 85 species, were digitized in laterodorsal view (one individual digitized in palatine view had a partially broken upper part of the skull and was not digitized for this structure). The turtle skull of several species is known to exhibit allometric change (Emerson and Bramble, 1993) , and in order to limit this intraspecific effect, all measured individuals were adults. The list of digitized specimens and their habitat is given in the appendix. Two sets of landmarks were digitized on the skulls, using a Microscribe 3-D digitizer. The first set was digitized on the palatine face of the skull and consisted of 43 landmarks, and the second was digitized on both dorsal and lateral faces of the skull and consisted of 51 landmarks (Fig. 2) . Most of these landmarks were digitized at the intersections of bony sutures or correspond to foramina (i.e., type 1 landmarks according to the nomenclature of Bookstein, 1991), FIGURE 2. Locations of landmarks on skull in palatine view (upper right) and in dorsolateral view (upper left and bottom). This specimen belongs to Pseudemys concinna, an aquatic omnivorous Emydidae (modified from Gaffney, 1979) . although other landmarks were of type 2 (i.e., maxima of curvature). Each individual was digitized twice in order to assess measurement error.
For each species, habitat and diet were taken from several sources in the literature (Bourret, 1941; Pritchard, 1979; Pritchard and Trebbau, 1984; Ernst and Barbour, 1989; Ernst et al., 1994; Bonin et al., 1996; Ferry, 2000; Bour et al., 2002) , and by personal observations. As some turtles are able to exploit both principal habitat types (i.e., aquatic or terrestrial), the type terms "habitat" and "diet" refer to the usual habitat and principal diet. "Aquatic" and "terrestrial" were the two categories of the factor habitat. "Herbivorous," "carnivorous," "conchifrageous," and "omnivorous" were the four diet categories. The turtles feeding usually on both vegetable and animal matter were ascribed to the "omnivorous" category. Turtle species feeding mostly upon snails or clams were considered as conchifrageous. Four geoemydid species are not known concerning their diet (see Appendix), and were not taken into account in the tests involving diet as a category.
METHODS

Superimposition Procedure
All sets of landmarks (two replicates for each individual), also called configurations, were superimposed following the Procrustes method of generalized least 936 SYSTEMATIC BIOLOGY VOL. 53 squares superimposition (GLS scaled, translated, and rotated configurations so that the intralandmark distances were minimized). Details of this method are given in Rohlf (1990) and Bookstein (1991) . Like most geometric morphometric methods, the Procrustes procedure allows size and shape to be considered as two independent components. Because the Procrustes distance between two individuals may be defined by an angle (in the socalled Kendall shape space), it is not strictly comparable to the Euclidean distance obtained by the projection of individuals on the Kendall tangent space. The GLS was performed with the TPSSMALL software (Rohlf, 1998) , which appraised the correlation between the Procrustes and the Kendall tangent space distances. The assessment of this correlation requires that the amount of shape variation in a data set is small enough to permit statistical analyses to be performed in the linear tangent space, approximating the Kendall shape space, which is nonlinear (see Rohlf, 1998 Rohlf, , 2000 Marcus et al., 2000 for further details). This correlation was almost perfect for the two configurations of the skull (r > 0.99). The coordinates of the newly superimposed configurations were then considered as raw data for further statistical analyses. Size was assessed by the centroid size which is defined as the square root of the sum of squared distances from each landmark to the centroid of the configuration of landmarks for a specimen (Bookstein, 1991) .
Statistical Procedure
Further statistical procedures were performed with R 1.5.0 (Ihaka and Gentelman, 1996) .
For each structure, the size measurement error was estimated using one-way analysis of variance (ANOVA) of centroid size of all replicates, considering individuals as the source of variation. The shape measurement error was estimated from all replicates with one-way Procrustes ANOVA considering individuals as the source of variation. This type of analysis was proposed by Klingenberg and McIntyre (1998) . It implies that the mean squares were calculated from the sum of the sums of squares of each coordinate divided by the relevant number of degrees of freedom (df) for each effect (i.e., the conventional df multiplied by the number of coordinates minus 7 degrees of freedom). The percentage of measurement error was computed following Yezerinac et al. (1992) .
Because interindividual variation in the skull is known to be important in at least some species (Dalrymple, 1977) , we checked intraspecific variation of both size and shape. The intraspecific variation of size (including sexual dimorphism) was compared to the interspecific size variation using a one-way ANOVA taking the factor "species" into account. The intraspecific shape variation (including sexual dimorphism) was compared to interspecific variation with a one-way multivariate analysis of variance (MANOVA) on the first components of shape variation, taking the factor species into account. These first components of shape variation were computed by a principal component analysis (PCA) on the interindividual variance covariance matrix, and were selected when more than 90% of the total variance was reached.
For a given species, a consensus (mean configuration and mean size) was computed from the superimposed replicates of all measured individuals of this species. We computed the mean and standard deviation of centroid size for each habitat/clade combination and for each diet/clade combination in order to detect trends in both mean size and variance among groups.
A multivariate regression of the landmark coordinates against centroid size was performed to detect evolutionary allometry (Klingenberg, 1996) . The fit of the regression model was tested following a generalization of the Goodall F test (Goodall, 1991) as explained by Rohlf (2000) . Because size and shape were clearly related for both data sets (see Results), we performed further analyses using shape residuals in order to avoid allometric effects. This correction for size was done by keeping only the residual shape variation in a multivariate regression of shape coordinates on centroid size (for more details of this methods see Rohlf, 2000) . This multivariate regression was repeated in both clades to check whether evolutionary allometry was similar or not between them. For testing similarity between slope coefficients, the regression slope coefficient vectors were extracted and the angle between them was calculated by their cosine. This angle was compared to a random distribution of angles formed by pairs of random vectors (using a Monte Carlo procedure with 10,000 replicates). We compared also the evolutionary allometry of the total set to the intraspecific allometric relationships assessed from the species Geochelone nigra, which was the species represented by the most individuals.
The interspecific morphological variability was quantified with a PCA on the coordinates of the consensus configurations of all the species. The PCA was performed on the variance-covariance (VCV) matrix of the species consensus coordinates corrected for size. This PCA allowed us to take into account the correlation among coordinates of landmarks, which may be used to depict morphological variability as landmark displacements. In order to consider the position of individuals in the shape space, we plotted individuals on the PCs defined by shape coordinates corrected by size. Morphological variation was calculated from the individuals showing minimal and maximal scores along each PC. This first exploration analysis allowed a provisional assessment of the effects of phylogeny and environmental factors on the skull morphology. In addition, we performed a linear discriminant analysis on the superimposed coordinates in correcting by size, in order to test if there was some combination of variables allowing a complete discrimination for phylogeny, diet, and environment. For this discriminant analysis, we kept only the half right coordinates, and we excluded lateral variation of landmark coordinates on the symmetry axis so that the number of variables was inferior to the number of species (considering a priori that asymmetry was playing a little role in species differentiation).
For both size and shape, the three effects (clade, habitat, and diet) were tested and computed using a type "II" sums of squares procedure following the ANOVA methodology in the package "car" of R 1.5.0. Contrary to type "III" sums of squares, which violate marginality, type II sums of squares are calculated according to the principle of marginality, so each effect can be tested after all others. This is similar to a combination of sequential analysis of variance using type I sums of squares, where only the last effect was retained after considering the first two ones. The effect of each factor on morphology was computed directly from the eigenvectors of the MANOVA corresponding to each factor. Morphological differentiations between clades, environment, and diet were successively assessed by removing the effect of the two other factors (see above). Our data set consisted of more variables than species, so it was not possible to test the effect of factors on shape coordinates directly. Then, the shape space was simplified to the first PCs (the number of PCs was defined in order to keep at least 90% of the interspecific shape variance), and a MANOVA was performed on these PCs. We followed the Pillai-Bartlett statistic as recommended by Hand and Taylor (1987) . The importance of the interaction terms in comparison to the studied factors was used to assess if similar transformation occurred between groups.
We used a nonhierarchical clustering procedure in order to detect which factors provided the more resemblance between taxa. For all the combinations clade/habitat/diet, we computed a mean consensus, the Euclidean distances between each combination were computed, and a minimum spanning tree was calculated using the package APE of R (Paradis et al., 2004) . Because the diet of certain geoemydid species is currently unknown, we repeated the same procedure for each combination of clade and habitat only to check if the results were consistent with the previous analysis. We also reported the Euclidean distance between each of the four consensus individual for environment and clade (e.g., "aquatic emydids"). Finally, we assessed the morphological variance of each group following the procrustes ANOVA procedure (Klingenberg and McIntyre, 1998) . 
RESULTS
The estimated size measurement error was less than 0.01% of the total variance for the skull in both palatine or dorsolateral views. For shape, the measurement error was larger and was 6.2% of the total variance for the palatine view and 7.8% for the dorsolateral one. Size and shape intraspecific variation (Table 1) were significantly lower than interspecific variation; thus sexual dimorphism or other sources of intraspecific variability were small enough so further statistical analyses were conducted at the interspecific level.
Even if it may have been expected that habitat or diet explain the enormous size divergence within a clade, size was not directly related to either habitat, diet, or clade (Table 2) . No trend was observed between clades for the influence of habitat on mean size (Table 3 ). This means that size variation was not reflected in the simple "aquatic" versus "terrestrial" choice. The difference among diets was greater than the differences between clades or environments (Tables 2 and 3); diet was related to size variation independently of clade or habitat. Cladogenesis or divergence in habitat was not accompanied by a divergence in size but to some extent diet contributed to size convergence. Carnivorous species had the smaller skulls in palatine view, and were smaller than herbivorous and conchifrageous species in dorsolateral view. Conchifrageous species were found to have the largest centroid size for skulls in both clades and for the two views (Table 3) . No other common trend was observed concerning size variance between clades among environments or diets (Table 3) .
Size and shape were correlated among species involving allometry to play an important role to determine shape (dorsolateral view: F s [140, 11620] = 5.06, P < 10 −5 ; palatine view: F s [122, 10126] = 3.40, P < 10 −5 ). Allometry contributed 5.7% of the total shape variance in dorsolateral view, and 4.0% in palatine view. The smaller skulls were characterized by greater dorsoventrally development, larger and more lateral orbits, wider olfactory region, smaller triturating surfaces, and smaller basisphenoid (Fig. 3) between the vectors of multivariate slope: 0.41, Monte Carlo Test: P < 0.001 for palatine view; cosine = 0.63, P < 0.001 for dorsolateral view) and was significantly similar to intraspecific allometry found in the species for the one we get the more specimens (cosine between the vectors of multivariate slope: 0.30, Monte Carlo Test: P < 0.001 for palatine view; cosine = 0.20, P < 0.01 for dorsolateral view). The overall skull shape variation was clearly structured by the factors habitat and diet in both palatine and dorsolateral views (Figs. 4 and 5) . The same morphological variation associated with environment and diet was observed in both clades (Figs. 4 and 5) . The two clades overlapped widely on all of the 10 first PCs for either the palatine (75.4% of total shape variance), or the dorsolateral view (74.9% of total shape variance), but were significantly different (Table 4) . Thus the divergence among clades, in contrast to those among diets or habitats, did not explain much of the overall variation in the data. However, for habitat, clade, or diet, the linear discriminant analyses always defined a combina- tion of variables resulting in a complete discrimation of the groups. The clades were completely discriminated on the first discriminant axis (range in palatine view: Testudinoidae: −0.1, 5.1; Emydidae: −10.2, −5.8; range in dorsolateral view: Testudinoidae: −6.3, −1.5; Emydidae: 9.8, 13.6). We can conclude that both clades can be segregated in a particular subspace that cannot be shown by the PCA (e.g., because there is little overall variation in this particular subspace). Taking into account the effects of environment and diet, the contrasts between the clade "Emydidae" and the clade "Testudinoidae" were more localized within the skull (Fig. 6 ) than for the other ecological effects (see the two next paragraphs). Testudinoidae differed from Emydidae in the shape of the posterior end of the pterygoids (McDowell, 1964) , as well as in having relatively wider prefontals, smaller postorbitals, smaller jugals, overall longer skulls, and more laterally placed orbits.
The aquatic species were clearly distinct from the terrestrial ones on the first shape component (palatine view: PC1, 22.4% of total shape variance; dorsolateral view: PC1, 27.9%). The difference between environments was highly significant (Table 4) , and the morphological variation associated to this effect was quite similar to the one found on PCA first axis (Fig. 7) . The main habitats were completely discriminated on the first discriminant axis (range in palatine view: aquatic: −10.1, −5.1; terrestrial: 9.4, 13.5; range in dorsolateral view: aquatic: 2.5, 5.5; terrestrial: −8.6, −3.9). The aquatic species were characterized by a more elongate posterior part of the skull (elongated squamosals, supraoccipital, basioccipital and basisphenoid region); the terrestrial species were characterized by relatively larger orbits and a relatively deeper skull than the aquatic ones. Skull morphologies related to diets in both dorsolateral view and palatine view were significantly different (Table 4) and can be completely discriminated on the first, second, and third discriminant axes for both views (Fig. 8) . The relationship between morphology and diet mostly involved the shape of the anterior part of the skull (Fig. 9) . Conchifrageous species were characterized by a wide expansion of the triturating surface and secondary palate (with more posteriorly positioned internal choanae), and massive maxillae, which is reminiscent of the morphology of large species due to evolutionary allometry. Herbivorous species exhibited a higher anterior part of the skull, with relatively wider triturating surfaces than omnivorous or carnivorous species. On the second PC (palatine view: 14.9%, dorsolateral view: 10.8%), this conchifrageous category was opposed to the herbivorous, carnivorous, and omnivorous categories. A more detailed analysis of the species projections on shape principal components showed that the morphologically most distant species to the conchifrageous ones eat mostly soft food, such as fruits or worms. This second PC seems to be related to bite force. Some trends appeared between other combinations of diets, but differences between these other diet categories were less . Morphological effect of cladogenesis, taking into account the factors diet and habitat. The shapes were reconstructed from the variance-covariance matrix of the effect clade, tested after diet and habitat. Reconstructed configurations correspond to the extreme difference between the two clades (from top to bottom: palatine, lateral, and dorsal views).
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VOL. 53 FIGURE 7. Morphological effect of main habitat, taking into account the factors diet and clade. The shapes were reconstructed from the variance-covariance matrix of the effect main habitat, tested after clade and diet. Reconstructed configurations correspond to the extreme difference between the two habitats (from top to bottom: palatine, lateral, and dorsal views). obvious, and in fact overlapped on all the PCs. Although discrepancies exist in our sample sizes, the herbivorous species did not show clear differences from the carnivorous ones but were more variable on this PC. This higher variation might be related to the range of hardness of vegetables they eat. Concerning the palatine view, the aquatic species, having a wider range of diet than the terrestrial ones (there is no conchifrageous terrestrial species), were more variable along the "diet" axis, conversely terrestrial species were more variable along the "habitat" axis, which means that in term of palatine shape, the skull was less constrained in terrestrial habitats than in aquatic ones.
The interaction terms (Table 4) were slightly significant or not significant as compared to the level of significance of the three main effects (actually, few interaction terms were reaching a significant level, except two of them in palatine view). The interactions between diet and clade or diet and environment were significant but may be the result of different biases (e.g., the modest number and diet diversification of terrestrial Emydidae, or difference in the timing of the transition between different dietary preferences between the two clades). Although these interactions were small, the interaction between diet and main habitat can be at least understood as the relation between habitat and food types. Overall, these results suggest that morphological changes toward new environments or new diets are similar in the two clades, and that the two clades are evolving similarly in two separate subspaces.
The minimum spanning trees clustered mainly the mean morphologies for combinations of habitat/diet/clades by main habitat. This clustering by main habitat was independent on clade or diet for the dorsolateral view (Fig. 4) as well as for the palatine view (Fig. 5) . The mean aquatic conchifrageous Emydidae was clustered with the mean aquatic conchifrageous Testudinoidae, and the mean terrestrial omnivorous Emydidae was clustered with the mean terrestrial omnivorous Testudinoidae. This identified diet to be a source of morphological convergence. Comparison of the distance between mean clade and habitat groups showed that the interclade variation was smaller than the interhabitat variation for both clades for both views (Table 5) . Terrestrial emydids exhibited the lowest shape variance, and the three other groups had similar size variance.
DISCUSSION
Aquatic species differed in skull shape from terrestrial ones in both clades and were more similar for a given habitat than for a given clade. Thus, habitat (aquatic or terrestrial) may be considered as a source of morphological convergence between Emydidae and Testudinoidae. The shape changes between aquatic and terrestrial species hinged mostly upon the relative length of the maxillary region compared to the posterior part of the skull. From a functional point of view, the difference in morphologies between aquatic and terrestrial species could well be related to the feeding modes in both habitats. Several studies have shown that the environment (aquatic versus terrestrial) has profound effects upon the feeding mode of turtles (Bels et al., 1997; Summers et al., 1998; Wochesländer et al., 1999; Lemell et al., 2000) . In Cryptodires, some authors have reported a lingual food uptake in terrestrial feeding, with tongue based intra-oral transport (Bels et al., 1997; Summers et al., 1998; Wochesländer et al., 1999) . In aquatic environments, turtles use compensatory suction (Van Damme and Aerts, 1997; Aerts et al., 2001 ), involving hyoid depression. For effective execution, feeding by suction required a well-developed hyoid apparatus and a short tongue (Wochesländer et al., 1999) . Conversely, terrestrial species have a reduced hyoid apparatus and a longer tongue for lingual feeding (Winokur, 1988) . It may be concluded that the elongation of the posterior part of the skull and the development of the squamosals (especially for the insertion of the musculi depressor mandibulae [Schumacher, 1973] ) enhance a typical aquatic feeding mode, with large hyoid apparatus and developed depressor mandibulae (for creating an oral and oesophageal depression). Some turtles, such as some Terrapene (Summers et al., 1998) , Cuora, or Rhinoclemmys, are able to feed in both terrestrial and aquatic habitats, and are intermediate in skull shape. In these genera, some species are fully terrestrial and fully aquatic, examinations of individual plots show that the skull of these species vary accordingly to the habitat. This strengthens the idea that differences in habitat are strongly correlated to feeding mode and involved important and probably rapid morphological changes. Studies of feeding modes among vertebrates have demonstrated remarkable convergence in dynamics and kinematics shown by skull morphology (e.g., the similarity between the toad Pipa pipa and the turtle Chelus fimbriatus) (Lauder and Shaffer, 1993; Sanderson and Wassersug, 1993) . However, some studies have shown that some phylogenetic constraints may play an important role in skull evolution precluding some feeding modes to occur in given lineages (e.g., Collin and Janis, 1997) . Our study has shown that the level of significance of interaction between diet and clade was low compared to each main effect. It may be concluded that, to some extent, similar morphologies accompanied the acquisition of new diets. As the two clades evolved parallel adaptation for similar diets, it seems that there has been little phylogenetic constraint to prevent the skull of Testudinoidea evolving in both environments and then exploiting a similar range of food types. This is quite different from many other turtle families that are restricted to one environment. Furthermore, the significance of the interaction between the factors "diet" and "habitat" was low compared to variation within each effects, suggesting that habitats did not impede the morphological evolution toward a type of diet and conversely.
The aquatic conchifrageous turtles of both clades showed an overall convergence in skull shape, which thus may be interpreted as an adaptation to this particular diet. This convergence is expressed by more developed triturating surfaces, larger and more massive skulls and more massive maxillae, and longer crista supraoccipitalis. These species contrasted with species feeding mostly on soft food (worms, fruits). As suggested by the study of Herrel et al. (2002) , we found that turtles having durophagous diets (and thus involving more bite force) exhibited higher skulls than the others. Terrestrial herbivorous species showed a wide variation in maxillary shape, which we thought to be correlated with the hardness of food. Carnivorous species had smaller skulls and rather thin and sharp triturating surfaces. Thus, the differences among diets suggest that diet behaviors were important in shaping the evolution of turtle skulls. Although it was clear that terrestrial species have a relatively higher anterior part of the skull, no other significant differences were found between the skull shape of turtles feeding upon vegetables or animals. This suggested either that in a given environment the feeding mode is not influenced by the type of prey, or that prey type does not have a great influence on skull morphology. The possible trade-off between agility of prey and bite force (Herrel et al., 2002) seems difficult to infer from our results but further comparisons of the shape space of testudinoid shape space together with interspecific mean bite force may bring light on this interesting hypothesis. Moreover, we suggest that increase in bite force may not depend only on the height of the skull but also to disposition of the adduction complex directly related to the shape of both pterygoid and supraoccipital bones, which carry the main muscles for the closure of the jaw. The development and strengthening of the maxillary region are also expected to be related by the increase in bite force.
Both size and shape variations were linked to diet, and the evolutionary allometry (i.e., functional and developmental allometric relationships shared within a group of 2004 CLAUDE ET AL.-TURTLE SKULL MORPHOLOGICAL EVOLUTION 945 species) may be expected to have resulted in skull shape and dietary convergence in turtles (for more considerations about allometry, see Klingenberg [1996] ). Some studies have shown that intraspecific allometry is related with ontogenesis of feeding behaviour in turtles (Dalrymple, 1977; Emerson and Bramble, 1993) . For example, Dalrymple (1977) showed that intraspecific allometry may enhance shifts in dietary preference. He interpreted that smaller, more gracile skulls were more efficient for capturing insects and that bigger, more massive skulls, with more developed triturating surfaces, were more adapted to a piscivorous and conchifrageous diet. Our study shows that conchifrageous species tend to have larger and different morphotypes of skulls compared to other species. Thus, the relationships between size and shape may have favored a design of the skull more adapted to this diet. Indeed, we found similarity in the evolutionary allometric patterns and the difference between conchifrageous and nonconchifrageous species (e.g., increase of supraoccipital length, relative decrease of the olfactory region, smaller orbits, and wider triturating surfaces). The correspondence with the morphology of conchifrageous species and the skull allometry component should lead to the conclusion that allometry may drive patterns of dietary preference in Testudinoids. In correcting for evolutionary allometry, conchifrageous species were still different from other turtles, which means that evolutionary allometry is not the only determining factor of dietary preferences. Nevertheless, further studies have to consider the potential roles of ontogenetic and static allometry in dietary preferences of Testudinoidea.
The very similar patterns between Emydidae and Testudinoidae in skull shape (this study) and functions, in colors (see, for example, neck and skull color patterns in Pritchard [1979] , Ernst and Barbour [1989] ), and in shell shape (Claude et al., 2003a) are relatively spectacular and strongly suggest that both groups radiated similarly. The convergence between both clades may express even in the patterns of intraspecific variability such as, for example, some very similar conchifrageous species of Graptemys (Emydidae) and some species of Chinemys (Geoemydidae). Both these taxa present very similar and strong patterns of variability in the shape of the skull and in expression of sexual dimorphism (Claude, personal observations) . Other strong patterns of convergence among Testudinioidea may be observed, including the appearance of a lingual ridge and its position and the relative development the foramina orbitonasale and palatinum posteriorus (see McDowell, 1964) . Similarly to these observations, our analysis demonstrates that strong similarities occurred between clades, when they acquired new diets or new environments. In such a diverse group, we would have expected to see the appearance of several outcomes as answers to natural selection. The sharing of a similar ancestry may have possibly constrained changes related to main habitats or to diets in favoring the same results as answer to selection. It seems likely that the similarity among turtles of the Testudinoidea may have-at least to some extentbeen determined in sharing the same evolutionary potential (Saether, 1983) . Alternatively, it is possible that these adult morphologies could have been produced by fairly disctinct ontogenies, but this is not suggested by our data. Indeed, the fact that both clades share possible similar developmental features is attested by the similarities between the evolutionary allometries of their skull, which are furthermore similar to the allometry relationships in one of the species of the Testudinoidea.
For a long time, Emydidae were not distinguished from Geoemydidae (the so-called Bataguridae for some authors). McDowell (1964) formerly assigned Emydidae to different subfamilies on the basis of characters that he thought to be independent of environment. His studies showed that morphological characters defining each clade were subtle details that do not prevail in the general form of the skull, suggesting that each clade has evolved a comparable radiation. Our study confirmed that the influence of the differences between clades were slight and localized compared to the ones between habitat or diet. Additionally, even if the two clades were found significantly different, they were not clearly separated on any of the principal component of shape variation. As these principal components depend on the interspecific statistical covariance structure among characters, this involves that the divergence between clades did not have involved strong correlations among skull characters contrary to diet or environment. It may be hypothesized that divergence between the two clades does not concern a set of integrated characters but rather small independent units (such as the posterior expansion of the pterygoids or the length of the postorbital bones). Although the divergence between Emydidae and Testudinoidae seems to have resulted in differences in skull shape, this divergence does not appear to have subsequently differently constrained the morphological evolution of both clades towards the different habitats or diets. Indeed, because similar feeding modes and similar diets have evolved in different species belonging to both clades, and have resulted in the same morphological evolution in both clades, we may conclude that the divergence between clades was not followed by different constraints towards the different habitats or diets.
Finally, we observed that habitat determined the primary level of variance, followed by diet and cladogenesis. This clearly expresses the difficulty in identifying Emydidae or Testudinoidae on general skull configuration. Rather than to be only phylogeny dependent, the overall skull morphology of Testudinoidea exhibited clear patterns of convergence in relation to both habitat and diet.
The diversity of extant Testudinoidea manifests itself not only in the high number of taxa but also in the number of ecological niches occupied. It also involves major variation in several morphological structures, such as the shell (Claude et al., 2003a) and in appendicular skeletons (Auffenberg, 1974; Hirayama, 1984) , which were also interpreted as adaptive morphologies. Moreover, the Testudinoidea seems to have rapidly diversified in the Eocene for Testudinoidae (Geoemydidae and 946 SYSTEMATIC BIOLOGY VOL. 53 Testudinidae) (Hay, 1908; Hutchison, 1998; Holroyd et al., 2001; Claude and Tong, in press) , and in the Miocene for emydids, with similar patterns of adaptive radiation. Skull shapes are very diverse in turtles belonging to the Testudinoidea compared to other groups. We suggest that both Emydidae and Testudinoidae show similarities in the diversity of their skull morphology because they share a similar evolutionary potential for evolving in new environments. In addition, the very diversenature of the group in ecology suggests that this group shows some evolutionary flexibility toward resource use evolution (here we define flexibility as the potential to evolve behaviourally and morphologically within a given clade, allowing the occupation of a wide range of ecological niches). The sharing of the similar morphological flexibility and evolutionary potential (intra-and interspecific) has another consequence in rendering recognition of "morphological homologies" between clades difficult. An interesting hypothesis is that most of the differences observed in a given clade may be largely determined by environment, epigenesis (in the sense of Newman and Müller [2000] ), or possibly heterochrony (Kordikova, 2000) , but not necessarily in convergence in the mutational process. We are aware that this hypothesis has to be tested in an evo-devo perspective, and further studies are needed to understand the developmental and genetic bases of these changes.
